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ENCAPSULATION OF FISH OIL IN NANOFIBERS BY EMULSION
INTRODUCTION 22
Omega-3 polyunsaturated fatty acids (PUFA), particularly eicosapentaenoic (C20:5n-3, EPA) and 23 docosahexaenoic (C22:6n-3, DHA), have numerous beneficial health effects such as prevention of 24 M A N U S C R I P T
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cardiovascular disease, improvement of the anti-inflammatory response and development of brain and 25 eye retina in infants (Uauy & Valenzuela, 2000; Ward & Singh, 2005) . These PUFA need to be 26 ingested through the diet since humans have a low conversion rate of the essential α˗linolenic fatty 27 acid (ALA) to EPA and DHA (Colussi et al., 2007) . As a consequence, the food industry has an 28 increasing interest in developing omega-3 enriched foods. Accordingly, efficient strategies for 29 protecting these highly unsaturated fatty acids against oxidation when incorporated into foods are 30 necessary in order to avoid both the loss of nutritional value and the formation of unpleasant off-31 flavors. For that purpose, omega-3 delivery systems (e.g. fish oil-in-water emulsions and 32 microencapsulated fish oil) are often employed since they can protect the oil against prooxidants in the 33 M A N U S C R I P T
even when using a low flow rate (0.01 mL/min). PVA of 67 and 130 kDa led to stable Taylor cones, 131 however fibers with more and larger beads were produced when using PVA 67 kDa when compared to 132 PVA 130 kDa (data not shown). 133 Therefore, PVA 130 kDa was employed in this study and was added to the aqueous phase after the 134 homogenization process as follows. PVA (15%, w/w) and acetic acid (1%, w/w) were dissolved in 135 distilled water (adjusted at pH 2 by addition of 0.1 N HCl) at 80 °C under constant stirring for 3 h. The 136 solution was allowed to cool to room temperature under stirring for 2 h and then overnight without 137 stirring. This PVA polymer solution was blended with fish oil-in-water emulsions in order to obtain 138 electrospinning solutions with PVA concentration of 7.5, 9 and 10.5% (w/w). The mixing process was 139 carried out under nitrogen atmosphere by using magnetic stirring for 2 h at 5 °C in the dark. A full 140 factorial experimental design with 3 factors (type of emulsifier: WPI and FPH; oil load in emulsions: 141 5, 7.5 and 10% w/w; and PVA concentration: 7.5, 9 and 10.5% w/w) and no replicates was carried out. 142
This led to 18 different solutions for electrospinning (Table 1) . Samples were used immediately after 143 production for electrospinning processing and subsequently stored at 5 °C in the dark until further 144 analysis. 145
Characterization of solutions for electrospinning 146
Droplet size 147
Droplet sizes were measured by laser diffraction in a Mastersizer 2000 (Malvern Instruments, Ltd., 148 Worcestershire, UK). The PVA-emulsion blends were diluted in recirculating water (3000 rpm), until 149 it reached an obscuration of 12%. The refractive indices of sunflower oil (1.469) and water (1.330) 150 were used as particle and dispersant, respectively. Results are given in surface mean diameter (D 3,2 ) . 151
Measurements were made in duplicate at day 1, 3 and 7 after production. Droplet size of the emulsion 152 was also measured immediately after production to evaluate the effect of adding PVA. 153
Viscosity 154
The viscosity of electrospinning solutions was measured using a stress controlled rheometer Stresstech 155 (Reologica Instruments AB, Lund, Sweden) equipped with a CC25 standard bob cup system in aM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT temperature vessel. Measurements were done at 20°C over a shear stress range from 0.0025 to 20 Pa. 157 Viscosity was measured twice on each solution at day 1 after production and it was expressed in 158 mPa·s. 159
Electrospinning process 160
The electrospinning solutions were added to a syringe and placed in a syringe pump (New Era Pump 161 Systems, Inc., USA). A 16 G needle (Proto Advantage, Canada) was used. The syringe pump 162 delivered the PVA-emulsion blends with a flow rate of 0.02 ml/min. Using a high voltage power 163 supply (Gamma High Voltage Research, USA), an electric field of 20 kV was applied between the 164 spinneret of the syringe and a 5 × 5 cm collector plate made of stainless steel with alumina foil 165 wrapped around it. The distance between the syringe tip and the collector plate was 10 cm. The 166 electrospinning process was conducted at room temperature. From the 18 electrospinning solutions 167 shown in Table 1 , electrospun mats were obtained with a fish oil content ranging from 12.0 to 38.4% 168 (w/w). Fibers with a final oil content of 12.2% (w/w) containing 5% (w/w) fish oil-in-water emulsions 169 stabilized with WPI were produced in large quantity for peroxide value and secondary oxidation 170 products determinations. For that purpose, fibers were produced in batches of 5 h. Fibers with 12.2% 171 (w/w) oil containing 5% (w/w) fish oil-in-water emulsions stabilized with WPI were also produced for 172 peroxide value determination from: i) a solution containing 13.5% (w/w) PVA, and ii) a solution 173 containing 10.5% (w/w) PVA and 100 ppm of ethylenediaminetetraacetic acid (EDTA) in the parent 174 emulsion. 175
Characterization of fibers 176
Immediately after production, fibers were stored in a desiccator until analyses. 177
Morphology 178
The morphology of the fibers was investigated using scanning electron microscopy (SEM) (FEI 179 Inspect, Hillsboro, OR, USA). Approximately 0.5×0.5 cm of the fiber sheet was placed on carbon tape 180 and sputter coated with gold, 10 s, 40 mA utilizing a Cressington 208HR Sputter Coater (Cressington 181 Scientific Instruments, Watford, England). The mean fiber or bead diameters were determined fromM A N U S C R I P T
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the SEM images by image analysis (ImageJ, National Institutes of Health). To this purpose, the 183 diameter of 100 randomly selected fibers and all the beads (if any) presented in the micrograph were 184 measured using the ImageJ software (National Institutes of Health). 185
Lipid distribution 186
Before mixing with the PVA solution, selected emulsions were stained with Nile red and fluorescein 187 isothiocyanate to visualize lipids and proteins, respectively. Then, the distribution of the fish oil within 188 the fibers was analyzed with laser scanning confocal microscopy (LSCM) (Zeiss LSM 780, Jena, 189 Germany). The fibers were placed between a coverslip and a glass slide, immersed in immersion oil, 190 and fluorescence after irradiation at 580 nm or 488 nm was analyzed. The images were processed 191 using ZEN 2012 lite software (Zeiss, Jena, Germany). Moreover, the droplet size distribution of the 192 emulsion-loaded electrospun fibers after re-dispersion in distilled water was measured as previously For lipid oxidation measurements, immediately after production, fibers were stored in 100 mL brown 209 bottles at 40 °C in the dark for 14 days. For peroxide value determination each bottle contained 400 210 mg fibers, and for secondary oxidation products, the bottles contained 150 mg fibers. Unprotected and 211 emulsified fish oil (12% fish oil-in-water emulsion, w/w; stabilized with WPI) was also analyzed. 212
Samples were taken at day 0, 4, 9 and 14 for analysis. 213
Determination of peroxide value 214
Lipids were extracted from fibers according to the Bligh and Dyer method using a reduced amount of 215 the chloroform/methanol (1:1, w/w) solvent (Bligh & Dyer, 1959) . Two extractions were made from 216 each sample. Peroxide value (PV) was determined on lipid extracts using the colorimetric ferric-217 thiocyanate method at 500 nm as described by Shantha and Decker (1994) . 218
Secondary oxidation products -Dynamic headspace GC-MS 219
Approximately 40 mg of fibers and 30 mg internal standard (4-methyl-1-pentanol, 30 µg/g water) 220
were weighted out in a 100 mL purge bottle, to which 5 mL of distilled water and 1 mL antifoam 221 Technologies, USA; electron ionization mode, 70 eV; mass to charge ratio scan between 30 and 250). 231
Emulsified fish oil (4g, 12% oil-in-water emulsion, w/w; stabilized with WPI) and unprotected fish oil 232 (4 g) were also analyzed following the same procedure using a nitrogen flow of 150 mL/min (30 min). 233 M A N U S C R I P T
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In the case of unprotected fish oil, water and antifoam were not added and the bottle was heated at 234
60°C. The individual compounds were identified by both MS-library searches (Wiley 138 K, John 235
Wiley and Sons, Hewlett-Packard) and by authentic external standard. The external standards 236 employed were 2-ethylfuran, 1-penten-3-one, pentanal, 1-penten-3-ol, (E)-2-pentenal, hexanal, (E,E)-237 2,4-heptadienal, octanal, nonanal and (E,Z)-2,6-nonadienal (Sigma-Aldrich, Brøndby, Denmark). 238
These compounds were dissolved in 96% ethanol for fibers and emulsion samples, and rapeseed oil 239 for fish oil samples. Then, the solutions were diluted to concentrations of approximately 1, 5, 10, 25 240 and 100 µg/g. Three calibration curves were made by injecting these solutions (30 mg) on 40 mg of 241 fibers dissolved in 5 mL of water, 4 g of emulsified fish oil and 4 g of unprotected fish oil, 242 respectively. Measurements were made in triplicates for each sample. 243
Statistical analysis 244
Statgraphics Centurion XV (Statistical Graphics Corp., Rockville, MD, USA) was used for data 245 analysis. Data were expressed as mean ± standard deviation with two analytical replicates. No 246 experimental replicates were carried out. Firstly, multiple sample comparison analysis was performed 247 to identify significant differences between samples. Secondly, mean values were compared by using 248 the Tukey's test. Differences between means were considered significant at p < 0.05. 249
RESULTS AND DISCUSSION 250
Properties of emulsion-PVA blends 251
Droplet size and physical stability 252
The droplet size distribution, and thus the physical stability, of the electrospinning solutions are 253 important factors to consider since they may affect the lipid distribution and entrapment of fish oil 254 within the nanofibers. Accordingly, the effect of blending PVA solutions and fish oil in-water 255 emulsions on droplet size distribution was evaluated for solutions 1-3 (Table 1) . After blending, the 256 droplet size distribution was similar to the original 5% (w/w) fish oil-in-water emulsion stabilized with 257 WPI (data not shown). This is in agreement with the studies of Arecchi et al. (2010) and Gordon et al.
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(2015) which indicated that adding PVA did not modify droplet size distribution of emulsions 259 stabilized with small-sized molecular surfactants such as Tween 20 and Brij O10, respectively. 260
Secondly, the droplet size distribution of the emulsion-PVA blends was studied after production and 261 during storage. Fig. 1a shows the droplet size of the emulsion-PVA (10.5%, w/w) blends after 1 day of 262 production. Independently of the oil load in the original emulsion, the electrospinning solutions 263 containing emulsions stabilized with WPI presented not significant differences (p>0.05) in their 264 droplet size distribution, with D 3,2 values ranging from 130±1 to 139±8 nm. This was also observed 265 for 9 and 7.5% (w/w) PVA-emulsion blends (data not shown). Contrary to parent emulsions, which slightly destabilized during storage, electrospinning solutions 276 containing emulsions (5, 7.5 and 10% oil, w/w) stabilized with WPI did not differ significantly 277 (p>0.05) in their surface mean diameters after one week of storage (Fig 1b) . Similar observations were 278 made for emulsions dispersed in PVA solutions with low concentrations (9 and 7.5%, w/w), and it 279 may be attributed to a stabilizing effect of PVA on the emulsions, which reduces flocculation and 280 coalescence by acting as emulsifier (Ajalloueian et al., 2014) and/or by increasing solution viscosity. 281
Similarly, PVA solutions containing emulsions (5 and 7.5%, w/w) stabilized with FPH were also 282 physically stable during one week (Fig. 1c) . However, despite the stabilizing effect of PVA, the PVA-283 emulsion (10%, w/w; FPH) blend destabilized after 3 days of storage (Fig. 1c) . This is explained byM A N U S C R I P T
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the high physical instability of the original emulsion, which is a consequence of the reduced 285 emulsifying capacity of FPH. 286
Viscosity 287
Different factors have been reported to affect fiber formation and morphology; including solution 288
properties (e.g. viscosity, electrical conductivity, surface tension and solvent volatility), environmental 289 conditions (e.g. temperature and humidity), and process parameters (voltage, flow rate and spinning 290 distance) (Chronakis, 2010; Ramakrishna, 2005) . Solution viscosity is mainly dependent on the 291 solvent and on polymer molecular weight and concentration (Weiss et al., 2012) . It is a measure for 292 the chain entanglements in the solution, for which reason a minimum viscosity is required to stabilize 293 the jet during the process and to produce continuous fibers (Ghorani & Tucker, 2015) . solutions when increasing fish oil load from 17 to 30% (w/w). On the other hand, it should be noted 304 that the type of emulsifier employed (WPI or FPH) had a minor influence on viscosity (Fig. 1d) . 305
Fibers morphology 306
Uniform electrospun fibers with a circular cross-section and void of defects (e.g. beads) were obtained 307 when using 10.5% (w/w) PVA-emulsion blends independently of the emulsifier employed. Fibers 308 having a similar average diameters were obtained from 10.5% (w/w) PVA-5% (w/w) emulsion blends 309 stabilized with WPI or FPH; 172±44 and 163±45 nm respectively ( Fig. 2a and 3a) . These results are inM A N U S C R I P T
A C C E P T E D ACCEPTED MANUSCRIPT
line with previously reported studies of PVA fibers; 171±61 nm for 8% (w/w) PVA (130 kDa) 311 Next, the effect of oil load on fiber morphology for the 10.5% (w/w) PVA-emulsion blends was 318 investigated. For solutions stabilized with WPI, increasing the oil load from 1.5 to 3% (w/w) did not 319 affect fiber formation (Fig. 2) . However, fibers obtained from solutions containing a higher oil 320 concentration had larger and more polydispersed diameters, ranging from 172±44 to 252±68 nm (Fig.  321 2). Similar results were obtained by Gordon et al. (2014) for PVA fibers containing retinyl palmitate 322 in isohexadecane (oil phase), with fiber diameters of 246±71 and 268±80 nm for 5.8 and 15% (w/w) 323 oil phase, respectively. It should also be noted that fibers produced from solutions with an oil load 324 higher than 1.5% (w/w), showed spindle-like enlargements interspersed along the fibers (Fig. 2b-c) . 325
These morphological changes are different from the bead defects observed by Arecchi et al. (2010) 326 when increasing n-hexadecane content in the PVA-emulsion blend from 0.5 to 1 and 1.5% (w/w). It 327 may be explained by the higher PVA concentration employed in this study (10.5%, w/w), which leads 328 to a higher elongation viscosity and reduced surface tension (Rwei & Huang, 2009 ). There was no 329 difference between using WPI or FPH as emulsifier in the 10.5% (w/w) PVA-emulsion blends (data 330 not shown). 331
Independently of the emulsifier employed, the PVA concentration had a major impact on fiber 332 morphology. SEM micrographs of electrospun mats obtained from PVA-5% (w/w) emulsion blends 333 stabilized with FPH are depicted in Fig. 3 , which shows that decreasing PVA concentration from 10.5 334 to 9% (w/w) led to the formation of elongated spindle-like beads with an average diameter of 295±42 335 nm (Fig. 3b) . For 7.5% (w/w) PVA, beads-on-string morphology was observed, with the beads beingM A N U S C R I P T
more spherical and with an increased average diameter of 784±422 nm (Fig. 3c) . Reducing the 337 polymer concentration led to fewer chain entanglements, which decreased the viscoelasticity of the jet, 338 thus causing formation of beads since the Rayleigh instability could not be completed avoided (Chang 339 et al., 1999) . Although it was expected that increasing the fish oil load (1.5-2.5%, w/w) would increase 340 the average fiber diameter, the mean diameter of the fibers decreased from 163±45 to 120±39 and 341 120±59 nm for fibers obtained from solutions containing 10.5, 9 and 7.5 PVA% (w/w), respectively 342 (Fig. 3) . Even though it is well known that decreasing PVA concentration leads to a decreased fiber 343 diameter (Koski et al., 2004; Rwei & Huang, 2009) 
Characterization of selected fibers 348
Fibers made from the 10.5% (w/w) PVA-emulsion blend and loaded with 1.5% (w/w) fish oil 349 stabilized with WPI (Exp. 1 in Table 1 ) were selected for further characterization. This solution was 350 chosen since: i) 10.5% (w/w) PVA was required to obtain uniform fibers without defects, and ii) it 351 presented the lowest droplet size and it was physically stable during storage, which may benefit the 352 entrapment of fish oil inside the fibers. 353
Lipid encapsulation and distribution 354
Electrohydrodynamic processing offers the possibility to obtain nano-microstructures loaded with 355 large amounts of active compounds. High EE is of outermost significance when working with 356 bioactive compounds prone to oxidation (e.g. fish oil), since it can minimize the exposure of free 357 bioactive compounds to oxygen (Torres-Giner et al., 2010) . For the selected PVA-emulsion blend, the 358 initial emulsion droplet size (D 3,2 =130±1 nm, Fig. 1a ) and the average fiber diameter (172±44 nm, Fig.  359 2a) indicated that most of the fish oil droplets might be entrapped within the PVA fiber. Indeed, this 360 was confirmed by a high EE (92.4±2.3%). This value is within the range of the results reported by 361
Moomand and Lim (2014) for zein fibers containing 30% fish oil (91.19±1.09%) and by Drusch et al.
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(2012) for fish oil microencapsulates produced with casein hydrolysates using spray-drying (92.4%). 363
Taking into account that the theoretical fish oil content in the fibers was 12.2% (w/w), the trapping 364 efficiency achieved led to a LC of 11.3±0.3%. 365
Another important factor affecting the fish oil oxidative stability is its distribution within the fibers 366 (Moomand & Lim, 2014) . Fig. 4a shows the confocal image of the fibers. Both small and larger green 367 ellipses, marking the protein, were randomly dispersed along the fibers. The small green ellipses could 368 be due to WPI covering the fish oil droplets, whereas the larger green ellipses may mark free WPI that 369
was not adsorbed at the interface in the parent emulsion. The change from spherical to elliptical shape 370 of the droplets was caused by a stretching in the axial direction during the electrospinning process 371 (Gordon et al., 2015) . Fish oil (marked in red) was also dispersed along the fibers. However, from the 372 confocal image it was difficult to determine if the fish oil was dispersed as droplets or in a continuous 373 core. To further evaluate the distribution of the oil inside the fibers, the oil-loaded fibers were re-374 dispersed in distilled water. Fig. 4b depicts the droplet size distribution of the re-dispersed fibers and 375 of the electrospinning solution, which were both almost identical to the parent emulsion, indicating 376 that most of the fish oil was distributed as droplets (with similar size as in the initial emulsion) inside 377 the fibers. This is in accordance with the results of Gordon et al. (2015) on fibers containing retinyl 378 pamitate, and it is also in agreement with the study of Angeles et al. (2008) which reported that the 379 final particle size incorporate into the fibers was highly influenced by the initial emulsion droplet size. 380 However, Fig. 4b also shows a small peak around 100 µm for the re-dispersded fibers. It may be the 381 result of agglomeration of some large droplets in the core of the fibers forming a "core-sheath" 382 structure, favored by the evaporation and jet stretching process during electrospinning (Xu et al., 2008; 383 Yarin, 2011) . 384
Oxidative stability 385
Hydroperoxides, which are also known as primary oxidation products, are formed in the early phase of 386 lipid oxidation. Although hydroperoxides are tasteless, they decompose in the presence of heat or 387 metal ions into secondary volatile oxidation products (e.g. alcohols, aldehydes and ketones) which are 388 • Figure 5 . Increase of the concentration of secondary oxidation products during storage at 40 °C 597 in a) unprotected fish oil, b) emulsified fish oil, and c) electrospun fibers. 598
• Table 1 . Composition (%, w/w) of PVA-emulsion blends for electrospinning. 599
• Table 2 : Peroxide value during storage at 40 °C for unprotected and emulsified fish oil, fibers 600 and PVA-emulsion blends. 601 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT Table 1 . Composition (%, w/w) of PVA-emulsion blends for electrospinning Figure 1 . Properties of electrospinning solutions: a) droplet size distribution after 1 day of production (10.5% PVA, w/w), b) droplet size distribution during storage (10.5% PVA, w/w; WPI), c) droplet size distribution during storage (10.5% PVA, w/w; FPH) and d) viscosity.
In Fig. 1a , stars indicate significant differences between WPI and FPH samples for the individual oil concentrations. Letter "a" indicates not significant differences among WPI samples, whereas letters "x", "y" and "z" indicate significant differences among FPH samples (p < 0.05).
In Fig. 1b-c , stars indicate significant differences among samples at day 1, 3 and 7 for the individual oil concentrations (ns: not significantly different). Letters "a, b and c", "x and y" and Greek letters "α and β" indicate significant differences among samples at day 1, 3 and 7, respectively (p < 0.05).
In Fig. 1d , numbers correspond to experiment numbers. 
Highlights
• Fibers loaded with fish oil were successfully produced by emulsion electrospinning
• Decreasing PVA concentration (<10.5 wt%) led to spindle-like and spherical beads
• Increasing oil load has a minor influence on fiber morphology
• Most of fish oil was randomly distributed inside the fibers as small droplets
• Electrospun nanofibers presented a poor oxidatively stability
